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ABSTRACT

Aims. We present the analysis of 11 nights of V and I time-series observations of the globular cluster NGC 1904 (M 79). Using this
we searched for variable stars in this cluster and attempted to refine the periods of known variables, making use of a time baseline
spanning almost 8 years. We use our data to derive the metallicity and distance of NGC 1904.
Methods. We used difference imaging to reduce our data to obtain high-precision light curves of variable stars. We then estimated the
cluster parameters by performing a Fourier decomposition of the light curves of RR Lyrae stars for which a good period estimate was
possible.
Results. Out of 13 stars previously classified as variables, we confirm that 10 are bona fide variables. We cannot detect variabil-
ity in one other within the precision of our data, while there are two which are saturated in our data frames, but we do not find
sufficient evidence in the literature to confirm their variability. We also detect a new RR Lyrae variable, giving a total number of
confirmed variable stars in NGC 1904 of 11. Using the Fourier parameters, we find a cluster metallicity [Fe/H]ZW = −1.63 ± 0.14,
or [Fe/H]UVES = −1.57 ± 0.18, and a distance of 13.3 ± 0.4 kpc (using RR0 variables) or 12.9 kpc (using the one RR1 variable in our
sample for which Fourier decomposition was possible).
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1. Introduction

The Lambda cold dark matter (ΛCDM) cosmological paradigm
predicts that the Milky Way formed through the merger of small
galaxies, following a hierarchical process (Diemand et al. 2007).
As potential survivors of these processes, globular clusters are
therefore important probes into the formation and early evolu-
tion of the Milky Way. Furthermore, they also allow us to delve
into the structure of the Galaxy, for example in constraining the
shape of the Galactic Halo (Lux et al. 2012), and to study stellar
populations.

There are various methods in use to determine a cluster’s
properties, including analysis of its colour-magnitude diagram
(CMD), or obtaining spectroscopy of giant stars in the cluster
to determine their characteristics. Another way to determine the
metallicity and distance of a cluster, as well as to obtain a lower
limit on its age, is to study the population of RR Lyrae vari-
ables that reside within it. By obtaining photometry with suf-
ficient time resolution, the light curve of the RR Lyrae stars
can be analysed with Fourier decomposition, yielding parame-
ters that can then be used to determine many of the stars’ in-
trinsic properties, thanks to various empirical or theoretical rela-
tions derived from collected observations or theoretical models
(Simon & Clement 1993; Jurcsik & Kovács 1996; Jurcsik 1998;
Kovács 1998; Morgan et al. 2007). These can also then be used
as proxies for the properties of the stars’ host cluster.

� The full light curves presented in this paper (Table 2) are only
available in electronic form at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/548/A92

In this paper we use this method to determine the properties
of the RR Lyrae stars in NGC 1904 (M 79; α = 05h24m10s,
δ = −24◦31′27′′ at J2000.0), a globular cluster at ∼13 kpc,
with metallicity [Fe/H] ∼ −1.6, and a prominent blue horizontal
branch. We use Fourier decomposition to constrain the proper-
ties of the cluster itself, following previous papers on other clus-
ters (Arellano Ferro et al. 2004, 2008a,b, 2010, 2011; Lázaro
et al. 2006; Bramich et al. 2011). This cluster has been poorly
studied with no major published long-baseline time-series CCD
observations, although it contains 13 stars classified as variables,
including 5 detected in a recent study by Amigo et al. (2011).
Here we present an analysis using data spanning almost 8 years,
allowing us to improve the accuracy of the RR Lyrae periods and
to detect variations in period or amplitude that might be indica-
tive of the presence of the Blazhko effect.

Although it has been suggested NGC 1904 belonged to the
Canis Major (CMa) dwarf galaxy (Martin et al. 2004), other
studies (e.g. Mateu et al. 2009) have questioned this due to
the lack of blue horizontal branch stars in the CMa CMD
compared to this and other clusters also potentially associated
with the CMa overdensity, such as NGC 1851, NGC 2298 and
NGC 2808. Further study of these clusters is therefore crucial
to improving our understanding of the structure of the Galactic
disc, as Martin et al. (2004) also suggested that CMa is made up
of a mixture of thin and thick disc and spiral arm populations of
the Milky Way.

In Sect. 2, we detail our observations, and in Sect. 3, we
discuss variable objects in NGC 1904 both in the literature and
those which we detect in our data. In Sect. 4 we perform Fourier
decomposition of the light curves of some of the variables to
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Table 1. Distribution of observations of NGC 1904 for each filter.

Date NV tV (s) NI tI (s)

20041004 7 60–200 0 –
20041005 3 100 0 –
20090108 16 150 14 120
20100123 19 80–150 21 40–120
20100221 16 100–200 14 50–100
20100307 15 90–120 13 45–55
20110312 16 120–140 0 –
20110313 10 80–150 0 –
20111104 30 90–300 32 25–120
20120301 10 150–180 10 50–65
20120302 5 100–120 5 45
Total: 147 109

Notes. Columns NV and NI represent the number of images taken for
the filters V and I, respectively. We also provide the exposure time, or
range of exposure times, employed during each night for each filter in
the columns tV and tI .

determine their properties. We then use these in Sect. 5 to calcu-
late values for the cluster parameters. We place these values into
context in Sect. 6 by comparing them to those found for other
clusters in the literature. Finally, we also discuss briefly the pe-
culiar spatial distribution of the RR Lyrae variables that we find
in NGC 1904.

2. Observations and reductions

2.1. Observations

We obtained Johnson V-band data of NGC 1904 using the 2.0 m
telescope at the Indian Astrophysical Observatory in Hanle,
India, on 11 nights spanning from April 2004 to March 2012,
a baseline of almost 8 years. The cluster was also observed in
the I band, except in 2004 when no I data was taken. This re-
sulted in 147 V-band and 109 I-band images. The observations
are summarised in Table 1.

The CCD used was a Thompson 2048 × 2048 pixel, with
a field of view of 10.1 × 10.1 arcmin2, giving a pixel scale
of 0.296 arcsec per pixel. Given the distance to the cluster we
derive later in this paper, this corresponds rougly to an area
of 40 pc × 40 pc centred on the core of the cluster.

2.2. Difference image analysis

We reduced our observations using the DanDIA1 pipeline
(Bramich 2008, 2012b) to obtain high-precision photometry of
sources in the images of NGC 1904, as was done in previous
globular cluster studies (e.g. Bramich et al. 2012b, see that paper
for a detailed description of the software). We produce a stacked
reference image in each band by selecting the best-seeing im-
ages (within 10% of the best-seeing value) and taking care to
minimise the number of saturated stars. Our resulting reference
image in the V filter consists of a single image with an expo-
sure time of 100 s, and full width half-maximum (FWHM) of the
point spread function (PSF) of 5.37 pixels (∼1.5′′). In the I band,
the reference image is made from 3 stacked images with a total
exposure time of 150 s and a PSF FWHM of 4.79 pixels (∼1.4′′).

1 DanDIA is built from the DanIDL library of IDL routines available at
http://www.danidl.co.uk

Fig. 1. Linear regression fits to the relation between instrumental and
Johnson-Kron-Cousins magnitudes for the V (top) and I (bottom)
bands.

Because of the way difference imaging works, the measured
reference flux of a star on the reference image might be system-
atically too large due to contamination from other nearby ob-
jects (blending). Since non-variable sources are fully subtracted
on the difference images, however, this problem does not occur
with the difference images. Hence variable sources with over-
estimated reference fluxes will have an underestimated variation
amplitude, although crucially the shape of the light curve is unaf-
fected. Furthermore, some of the targets which are in the vicinity
of saturated stars or are saturated themselves will have less pre-
cise or non-existent photometry. Although we tried to minimise
the number of saturated stars in our reference images, some re-
mained and this affected the photometry of some of the objects
in this cluster.

2.3. Photometric calibrations

Instrumental magnitudes were converted to standard Johnson-
Kron-Cousins magnitudes by fitting a linear relation between the
known magnitudes of standard stars in NGC 1904 (Stetson 2000)
and the light curve mean magnitudes. These relations, plotted in
Fig. 1, were then used to convert all instrumental V- and I-band
light curves to standard magnitudes. We note that the standard
stars we use cover the full magnitude and colour ranges of our
CMD, justifying our choice not to include a colour term in our
calibration relations. Calibrated data for all variables is available
at the CDS, in the format given in Table 2.

2.4. Astrometry

We used the online tool astrometry.net (Lang 2009) to obtain
an astrometric fit to our V-band reference image, and used this
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Table 2. Format for our time-series photometry, for all confirmed variables in our field of view.

# Filter HJD Mstd mins σm fref σref fdiff σdiff p
(d) (mag) (mag) (mag) (ADU s−1) (ADU s−1) (ADU s−1) (ADU s−1)

V3 V 2 453 283.39244 16.235 16.875 0.005 2531.207 6.272 –740.195 7.926 0.9831
V3 V 2 453 283.39990 16.237 16.877 0.003 2531.207 6.272 –748.391 4.372 0.9900
...

...
...

...
...

...
...

...
...

...
...

V3 I 2 454 840.11764 15.555 17.093 0.005 1206.297 6.739 380.674 9.788 1.5286
V3 I 2 454 840.12374 15.566 17.104 0.006 1206.297 6.739 358.597 11.513 1.5294
...

...
...

...
...

...
...

...
...

...
...

Notes. The standard Mstd and instrumental mins magnitudes listed in Cols. 4 and 5 respectively correspond to the variable star, filter and epoch of
mid-exposure listed in Cols. 1–3, respectively. The uncertainty on mins is listed in Col. 6, which also corresponds to the uncertainty on Mstd. For
completeness, we also list the reference flux fref and the differential flux fdiff (Cols. 7 and 9 respectively), along with their uncertainties (Cols. 8
and 10), as well as the photometric scale factor p. Definitions for these quantities can be found in e.g. Bramich et al. (2011), Eqs. (2), (3). This is
a representative extract from the full table, which is available at the CDS (see Supporting Information).

to calculate the J2000.0 coordinates of all objects we discuss in
this paper. This tool uses the USNO-B catalogue of astrometric
standards to find an astrometric fit to images. The coordinates
are those of the epoch of our V-band reference image, which was
taken at HJD = 2 453 284.41 d. We estimate that the astrometric
fit is accurate to within ∼0.1′′ in α and ∼0.3′′ in δ.

3. Variables in NGC 1904

The first five variables (V1-5) in this cluster were reported by
Bailey (1902), examining plates taken at the Harvard College
station in Arequipa, Peru. Of these, V1 has not been confirmed
as variable by subsequent studies, while V2 is classified as a
semi-regular variable by Rosino (1952). One more variable (V6)
was then identified by Rosino (1952) from observations carried
out between 1948 and 1951 with the 24-inch reflector of Lojano;
these also provided period estimates for the new variable as well
as two of Bailey’s original variables (V3-4). Rosino also cor-
rected the coordinates for V3 and V4, and commented that V5
in Bailey’s original study was not detectable in the new observa-
tions due to how crowded his photographic plates were.

Two more variables (V7-8) were reported by Sawyer Hogg
(1973), although the online catalogue of Clement et al. (2001)
notes that these are unlikely to be RR Lyrae variables, as they
should have been detected as such in the subsequent work of
Amigo et al. (2011). That study analysed B-filter observations
taken in 2001 at the Danish 1.54 m telescope in La Silla us-
ing image subtraction, and identified an additional five new RR
Lyrae variables in NGC 1904, V9-V13. They also estimated the
periods for these, as well as the periods of V3, V4, V5 (which
they mistakenly referred to as “NV6”) and V6.

This amounts to a total of 13 stars classified as variables in
this cluster, 9 of which have had their period estimated, and 3 of
which are suspected variables. Only the most recent time-series
study was carried out using CCD cameras (Amigo et al. 2011),
and no work employing multi-band time series observations for
this cluster with CCD cameras has been published so far.

In this paper we use the notation introduced by Alcock et al.
(2000), referring to fundamental-mode pulsation RR Lyrae stars
as RR0 and to first-overtone RR Lyrae pulsators as RR1, rather
than RRab and RRc, respectively.

3.1. Stars that do not show variablity

V1 did not show signs of variability in our data, to within
the limit set by its V-band root mean square (rms) scatter

of 0.015 mag and I-band rms of 0.044 mag. This is in agree-
ment with the finding of Rosino (1952), which mentions that
V1 might not be variable.

3.2. Variable candidates without light curves

V2 and V8 are both saturated in our reference images, and we
are therefore unable to present light curves for them. To the best
of our knowledge, there is no published light curve for either
of these two objects. V8 was only reported as variable in a pri-
vate communication by Tsoo Yu-Hua to H. Sawyer Hogg (see
online catalogue of Clement et al. 2001), and was not detected
by Amigo et al. (2011), which means it is unlikely to be an
RR Lyrae variable. V2 is reported by Rosino (1952) as a semi-
regular or irregular variable, with no period estimate. We suggest
that more time-series observations are needed to confirm the true
variability of V2 and V8 and we believe that they should remain
variable candidates.

3.3. Detection of known variables

Table 3 lists all confirmed variables in NGC 1904, including
the 10 already known variables, and their coordinates obtained
from the astrometric fit to our reference image are given in
Table 4. A finding chart of the cluster showing the location of
the variables is shown in Fig. 2. When possible, the variable
type is also given in the last column of the table. We performed a
period search using both phase dispersion minimisation (PDM,
Stellingwerf 1978) and the “string length” method (Lafler &
Kinman 1965). The periods we find offer an improvement in pre-
cision compared to the periods reported by Amigo et al. (2011),
thanks to our long baseline. Indeed, using the periods of Amigo
et al. (2011) with our data results in poorly phased light curves.

V7 shows some long-term variability and no short-term vari-
ability, and is therefore unlikely to be an RR Lyrae variable; fur-
thermore, it was not detected as such by the work of Amigo et al.
(2011), and its position on our CMD (Fig. 3) also makes it an un-
likely RR Lyrae candidate. A plot of average nightly magnitude
against time for V7 is shown in Fig. 4, showing the long-term
variation.

Figure 5 shows phased V light curves of all confirmed vari-
ables for which a period could be estimated. I-band light curves
were also obtained, except for V12 as the photometry was not
good enough, with poor seeing and the star being located in the
centre of the cluster, and V13 whose location next to a bright
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Table 3. Data for all confirmed variable stars in NGC 1904.

# Epoch P P (Amigo P (Rosino 〈V〉 〈I〉 Amplitude Amplitude Type
(HJD-2 450 000) (d) et al. 2011) (d) 1952) (d) (V mag) (I mag)

V3 5220.2906 0.736051 0.7350907 0.73602 16.05 15.47 0.93 0.62 RR0
V4 5633.0762 0.633806 0.6341531 0.63492 16.11 15.57 1.01 0.54 RR0
V5 5634.1150 0.668918 0.6683208 − 15.72 15.43 0.61 0.47 RR0
V6 5634.1450 0.347110 0.3387880 0.33522 16.16 15.80 0.52 0.42 RR1
V7 − − − 13.65b 12.90b ∼0.70 ∼0.54 Long-term
V9 5634.1150 0.359830 0.3616000 − 16.07b 15.63b 0.36 0.21 RR1a

V10 5220.3042 0.728755 0.7279145 − 15.03 14.46 0.34 0.25 RR0
V11 5634.1295 0.823500 0.8199846 − 16.01b 15.31b 0.51 0.51 RR0
V12 5634.1559 0.324243 0.3234196 − 16.11b − 0.64 0.64 RR1
V13 5633.0762 0.689388 0.6906617 − 16.06 − 0.92 ∼1.50 RR0
V14 5633.0825 0.323733 − − 16.15 15.78 0.28 0.26 RR1

Notes. Periods are determined using phase dispersion minimisation (PDM) and the string length method (see text). 〈V〉 and 〈I〉 are intensity-
weighted mean magnitudes. (a) Potentially RRd, see text. (b) Error-weighted mean magnitudes, rather than intensity-weighted magnitudes.
Coordinates for all confirmed variables are given in Table 4.

Table 4. J2000.0 equatorial coordinates for all confirmed variable stars
in NGC 1904, derived from our astrometric fit to the V-band reference
image.

# RA Dec
V3 05:24:13.53 –24:32:28.9
V4 05:24:17.76 –24:32:16.1
V5 05:24:10.21 –24:31:02.9
V6 05:24:06.01 –24:29:32.5
V7 05:24:12.67 –24:31:41.7
V9 05:24:12.56 –24:31:52.6
V10 05:24:12.10 –24:31:34.2
V11 05:24:11.92 –24:31:34.1
V12 05:24:11.36 –24:31:27.3
V13 05:24:10.57 –24:31:11.1
V14 05:24:07.76 –24:31:00.0

star and poor seeing prevented us from extracting a good qual-
ity I-band light curve. We do not show our I-band light curves
here, because they are noisy and were not significant to the anal-
ysis presented in this paper. However, the light curves in both V
and I are available at the CDS.

The phased light curves of both V4 and V6 suggest that they
might exhibit the Blazhko effect (Blažko 1907), leading to vari-
ations in the period and amplitude of the variation in brightness.
The effect is weak in V4, but very pronounced in the case of
V6, and we suggest that this is the reason why Amigo et al.
(2011) also had issues phasing the light curve for this object.
Unfortunately our time coverage does not allow us to estimate
the period and magnitude of the Blazhko effect for any objects
in this study, but we note the similarity of the light curves of V4
and V6 to those of many of the RR1 variables with a detected
Blazhko effect discovered by Arellano Ferro et al. (2012).

We see from the reference image residuals after PSF fitting
that V5 and V10 are both blended in our data with stars of similar
brightness, mostly due to the poor seeing of ∼1.5′′ in our data.
This means that although the shape of the light curves is not
affected (see Sect. 2.2), the reference flux is overestimated for
these objects; their position on the CMD is also affected, as can
be seen in Fig. 3). This is taken into account in the analysis when
deriving properties of the variable stars.

However, we note here that the position of V5 and V10 on
our CMD could also be due to NGC 1904 having a prominent
blue HB morphology. Due to this, some of the RR Lyrae in this

cluster could be the progeny of blue HB stars during their evo-
lution to the asymptotic giant branch (AGB) phase. Such stars
cross the instability strip at higher luminosities and could there-
fore appear on our CMD where we find V5 and V10. The CMD
obtained for this cluster by Piotto et al. (2002) indeed shows
such stars present in NGC 1904. However, we also examined
HST archival data on this cluster and verified that these two stars
are indeed blended within the FWHM of our reference images.

Finally, V9 is also not well phased with our best period es-
timate, and from the shape of its light curve we suggest, like
Amigo et al. (2011), that it could be a double-period (RRd)
variable.

3.4. Detection of new variables

To detect new variables, we employed three methods: firstly, we
constructed a stacked image S consisting of the sum of the abso-
lute values of the deviations D of each image from the convolved
reference image, divided by the pixel uncertainty σ, so that

S i j =
∑

k

|Dki j|
σki j
· (1)

Stars which consistently deviate from the reference image then
stand out on this stacked image. Using this method, we discov-
ered V14, a previously unpublished RR1 variable (see Table 3).
Secondly, we inspected the light curves of objects which stood
out on a plot of root mean square magnitude deviation versus
mean magnitude, shown in Fig. 6.

Finally, we also searched for variables by computing the
string-length S Q statistic (e.g. Dworetsky 1983) for all our
light curves. We inspected visually all the light curves of stars
with S Q < 0.3, where the threshold value of 0.3 was chosen by
inspecting the distribution of S Q (see Fig. 7). However, this did
not reveal any additional RR Lyrae or other variable candidates.

We estimated the period of V14 using both PDM and the
string-length method, but like the previously known variables V4
and V6, we suggest that V14 is affected by the Blazhko effect,
which explains the difficulty in phasing our light curve.

4. Variable properties

A (V − I,V) CMD of NGC 1904 extracted from the reference
images is shown in Fig. 3, with the location of the variables
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Fig. 2. Finding chart for the confirmed variable
objects in NGC 1904, using our V reference im-
age. North is up and East is to the right. The
image size is 4.44 × 5.18 arcmin2, while each
stamp size is 23.7 × 23.7 arcsec2. White cir-
cles and labels indicate the locations of the vari-
ables, and each of the variables we detect in our
data is shown in an individual stamp, its loca-
tion marked by a cross-hair. V2 and V8 are sat-
urated in our reference image and therefore we
do not present light curves for them, but their
locations are shown on this finding chart using
the coordinates of Samus et al. (2009). The tidal
radius rt ∼ 500′′ (Lanzoni et al. 2007) lies out-
side of this plot.

marked. Although in theory a deeper CMD could be obtained
by combining many images, in practice the large variations in
seeing and the number of images with significantly worse see-
ing than the reference image makes this impractical in this case.
Variable are plotted in Fig. 3 using their error-weighted mean
magnitudes.

4.1. Fourier decomposition

For variables with good enough phase coverage, using Fourier
decomposition of their light curves can help us derive several
properties of both the variables themselves and of the cluster
in which they are located. We exclude V6 from the analysis
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Fig. 3. V − I,V colour–magnitude diagram of
NGC 1904 extracted from the reference im-
ages. The locations of the confirmed RR Lyrae
variables with V and I photometry are marked
with blue filled circles (RR0 variables) and
blue filled triangles (RR1 variables), V7 with
a green filled circle, and V1, for which we
do not find evidence of variability, with a red
cross. Note that V5 and V10 lie above the hor-
izontal branch because they are significantly
blended, as discussed in the text. Error bars
for various magnitude levels are shown near
the right edge of the plot. Also shown are an
interpolation of the VandenBerg et al. (2006)
isochrones for a metallicity of [Fe/H]ZW =
−1.63 (see Sect. 5.2) at ages of 9, 10, 11, 12,
13, 14 and 15 Gyr (marked by lines of different
colours; see Sect. 5.3).

Fig. 4. Average V-band magnitude of V7 for each observing night,
showing some long-term variability of an undetermined nature. The
V-band data is plotted in black, while the I-band data is plotted in red,
with a fixed offset to bring the two data sets onto the same plot. The
variations in (V − I) therefore appear to indicate a change with time in
the colour of V7, although the I-band data is poor. The x-axis is given
in HJD-2 450 000.

that follows because of the large dispersion in our best phased
light curve (possibly due to the Blazhko effect), but retain V4
and V14, for which the effect is weak. Fourier decomposition
amounts to fitting light curves with the Fourier series

m(t) = A0 +

N∑
k=1

Ak cos

[
2πk
P

(t − E) + φk

]
, (2)

where m(t) is the magnitude at time t, N is the number of
harmonics used in the fit, P is the period of the variable, E
is the epoch, and Ak and φk are the amplitude and phase of
the kth harmonic. Epoch-independent Fourier parameters are
then defined as

Ri j = Ai/A j (3)

φi j = jφi − iφ j. (4)

We chose to fit the minimum number of harmonics that yielded
a good fit, taking care not to over-fit light curve features. As a
check of the dependence on N of the parameters we derive for
each variable, we also derived stellar parameters using Fourier
parameters obtained with more harmonics, and compared them
to those given in the text. We found very little variation, with any
changes smaller than the error bars quoted.

We list the coefficients Ak we obtain for the first four har-
monics in Table 5, as well as the Fourier parameters φ21, φ31
and φ41 for the variables for which we could obtain a Fourier
decomposition. We also list the deviation parameter Dm, defined
by Jurcsik & Kovács (1996) to assess whether fit parameters can
be used to derive properties of the RR Lyrae variables. Although
Jurcsik & Kovács (1996) used a criterion whereby fits should
have Dm < 3 for their empirical relations to yield reliable esti-
mates of stellar properties, a less stringent criterion of Dm < 5
has been used by other authors (e.g. Cacciari et al. 2005). Here
we also adopt Dm < 5 as a selection criterion to estimate stellar
properties, which excludes one variable, V4, from our calcula-
tions of the cluster’s parameters (Sect. 5).
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Fig. 5. Phased V-band light curves for the variables with a period estimate. Different colours are used for different nights, with the colour coding
given in the form of a colour bar spanning the whole time range of the observations (top panel). Also shown is the Fourier decomposition fit to the
light curves, for those stars for which this fit was performed (see text). The median data error bar is plotted in the top left corner of each plot.

4.2. Metallicity

We use the empirical relations of Jurcsik & Kovács (1996) to
derive the metallicity [Fe/H] for each of the variables for which
we could obtain a successful Fourier decomposition. The rela-
tion is derived from the spectroscopic metallicity measurement
of field RR0 variables, and it relates [Fe/H] to the period P and
the Fourier parameter φs

31, where s denotes a parameter obtained

by fitting a sine series rather than the cosine series we fit with
Eq. (2). [Fe/H] is then expressed as

[Fe/H]J = −5.038 − 5.394 P + 1.345 φs
31 (5)

where the subscript J denotes a non-calibrated metallicity, the
period P is in days, and φs

i j can be calculated via

φs
i j = φi j − (i − j)

π

2
· (6)
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Table 5. Coefficients Ak and selected Fourier parameters for the Fourier decomposition fit of the RR Lyrae variables in NGC 1904.

# A0 A1 A2 A3 A4 φ21 φ31 φ41 N Dm

RR0
V3 16.049(1) 0.330(1) 0.165(1) 0.107(1) 0.057(1) 4.222(9) 8.680(14) 6.805(19) 6 2.2
V4 16.111(1) 0.408(1) 0.195(1) 0.134(1) 0.062(1) 4.031(5) 8.318(8) 6.599(13) 7 7.0
V5 15.724(1) 0.224(2) 0.114(2) 0.085(1) 0.052(1) 4.115(23) 8.535(28) 6.466(32) 6 3.5
V10 15.027(1) 0.102(1) 0.073(1) 0.018(1) 0.019(1) 4.045(16) 8.644(35) 6.543(37) 5 3.7
V13 16.061(1) 0.273(1) 0.132(1) 0.075(1) 0.020(1) 4.317(15) 8.825(22) 7.290(49) 4 2.3
RR1
V14 16.154(1) 0.137(1) 0.007(1) 0.007(1) 0.005(1) 4.841(140) 3.079(121) 2.226(152) 4 −

Notes. The number of fitted harmonics N is also given. Numbers in parentheses are the 1-σ uncertainties on the last decimal place. Note that A0

for V5 and V10 is too bright and A1, A2, A3 and A4 are underestimated because these two objects are significantly blended, so we exclude them
from calculations in which this parameter is used to estimate the distance to the cluster. We also list the deviation parameter Dm defined by Jurcsik
& Kovács (1996) to assess whether fit parameters can be used to derive properties of the RR Lyrae variables.

Fig. 6. Plot of root mean square magnitude deviation versus mean mag-
nitude for all stars for which photometry was obtained. RR Lyrae vari-
ables are plotted as blue filled circles, V7 as a green filled circle, and V1,
for which we do not find evidence of variability, is shown as a red cross.
Plots are for the V-band (top) and I-band (bottom).

We transform these to the metallicity scale of Zinn & West
(1984, hereafter ZW) using the relation from Jurcsik (1995):

[Fe/H]ZW =
[Fe/H]J − 0.88

1.431
· (7)

For our only RR1 variable with a good Fourier decomposition,
V14, we calculated the metallicity using the empirical relation
of Morgan et al. (2007), linking [Fe/H], P and φ31:

[Fe/H]ZW = 2.424 − 30.075 P+ 52.466 P2 (8)

+0.982 φ31 + 0.131φ2
31 − 4.198 φ31P.

Metallicity values calculated using Eqs. (5), (7) and (8) are given
in Table 6.

V1

V3
V4

V5
V6

V7
V9

V10V11

V12

V13V14

Fig. 7. Distribution of the S Q statistic (see text) applied to the V-band
light curves of all stars in our sample (black filled circles). A blue hori-
zontal line marks the threshold of S Q = 0.3 below which we inspected
the light curves for periodic variability. The locations of the confirmed
variables in our sample are marked with red filled circles; V7 is not
shown as it does not appear to be periodic, but rather shows long-term
variability.

4.3. Effective temperature

Another property of the RR Lyrae that can be estimated through
the Fourier parameters is the effective temperature. Jurcsik
(1998) derived empirical relations linking the (V − K)0 colour
to P as well as several of the Fourier coefficients and parameters:

(V − K)0 = 1.585 + 1.257 P− 0.273 A1 − 0.234 φs
31

+0.062 φs
41 (9)

log Teff = 3.9291 − 0.1112 (V − K)0

−0.0032 [Fe/H]J. (10)

For RR1 variables, we use a corresponding relation derived from
theoretical models by Simon & Clement (1993) to calculate Teff ,

log Teff = 3.7746 − 0.1452 log P + 0.0056 φ31. (11)

The temperatures we derive using these relations are given in
Table 6; note that because V5 and V10 are significantly blended,
the temperatures we calculated for them are underestimated. As
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Table 6. Physical parameters for the RR Lyrae variables calculated us-
ing the Fourier decomposition parameters and the relations given in the
text.

# [Fe/H]ZW MV log (L/L�) Teff

RR0
V3 –1.70(2) 0.366(3) 1.288(2) 6232(7)
V4 –1.66(2) 0.420(2) 1.291(1) 6354(4)
V5 –1.59(4) 0.548(4) 1.228(2) 6292(12)
V10 –1.71(4) 0.564(2) 1.195(1) 6161(14)
V13 –1.39(3) 0.458(2) 1.262(2) 6287(11)
RR1
V14 –1.73(6) 0.584(8) 1.409(4) 7293(12)

Notes. Numbers in parentheses are the 1-σ uncertainties on the last
decimal place. Note that MV for V5 and V10 is overestimated because
these two objects are significantly blended, so we exclude them from
the calculation for the distance to the cluster.

noted by Bramich et al. (2011), there are several caveats to deriv-
ing temperatures with Eqs. (10) and (11). The values of Teff de-
rived for RR0 and RR1 variables are on different absolute scales.
Furthermore, the effective temperatures we derive here deviate
systematically from the relations predicted by evolutionary mod-
els of Castelli (1999) or the temperature scales of Sekiguchi &
Fukugita (2000); however this was already noted in previous
work (Arellano Ferro et al. 2008a, 2010; Bramich et al. 2011),
and the temperatures given here are a useful comparison with
previous analogous studies on other clusters.

4.4. Absolute magnitude

We use the empirical relations of Kovács & Walker (2001) to
derive V-band absolute magnitudes for the RR0 variables. The
relation links the magnitude to Fourier coefficients through

MV = −1.876 log P − 1.158 A1 + 0.821 A3 + K0, (12)

where K0 is a constant. As in Bramich et al. (2011) and Arellano
Ferro et al. (2010), we choose a value of K0 = 0.41 mag to be
consistent with a true LMC distance modulus of μ0 = 18.5 mag
(Freedman et al. 2001). For RR1 variables, we use the relation
of Kovács (1998),

MV = −0.961 P − 0.044 φs
21 − 4.447 A4 + K1, (13)

where K1 is a constant, for which we choose a value of 1.061
with the same justification as for our choice of K0.

We also converted the magnitudes to luminosities using

log (L/L�) = −0.4
[
MV + BC(Teff) − Mbol,�

]
, (14)

where we use Mbol,� = 4.75, and BC(Teff) is a bolometric cor-
rection which we determine by interpolating from the values of
Montegriffo et al. (1998) and using our best-fit value of Teff. We
report values of MV and log (L/L�) for the RR0 and RR1 vari-
ables in Table 6, and also note that, because V5 and V10 are
heavily blended, their derived value of MV is likely to be over-
estimated; we therefore do not use them to estimate the distance
to the cluster.

5. Cluster properties

5.1. Oosterhoff type

Although the number of variables for which the period could be
determined is small, we calculate the mean periods of the RR0

Fig. 8. Bailey diagram of the V-band light curve amplitude versus the
logarithm of the period for RR Lyrae stars in NGC 1904. RR0 variables
are plotted as filled circles, and RR1 variables as open triangles; V9 is
plotted as an open square as it is a potential double-mode RR Lyrae
star. We also mark the locations of V5 and V10, whose amplitude is
underestimated because of blending. Also plotted as solid lines are the
relations of Cacciari et al. (2005) for evolved stars; these are obtained by
applying a shift of +0.06 to log P in the relations derived for Oosterhoff
type I cluster M3.

and RR1 variables as 〈PRR0〉 = 0.71 ± 0.07 and 〈PRR1〉 = 0.33 ±
0.02. RR1 variables account for 40% of all RR Lyrae stars in this
cluster.

The value of 〈PRR0〉 and the high fraction of RR1 variables
makes this cluster an Oosterhoff type II, in agreement with pre-
vious classifications (e.g. Amigo et al. 2011). We also show
the distribution of variables in a Bailey diagram in Fig. 8, and
confirm that the distribution is consistent with an Oosterhoff
type II cluster; as found by Cacciari et al. (2005), type II clus-
ters have log P − AV tracks that correspond to the tracks of
evolved stars in the “prototype” type I cluster, M3. Although
the metallicity value we derive for NGC 1904 makes it one of
the most metal-rich Oosterhoff type II clusters (e.g. Sandage
1993), there are several other known type II Galactic clusters
with similar metallicities such as M2 (Lee & Carney 1999)
and M9 (Clement & Shelton 1999a). Furthermore, Lee & Carney
(1999) and Clement & Shelton (1999b) both concluded that the
Oosterhoff dichotomy was due to evolution rather than metal
content; we therefore do not conclude that our metallicity value
and Oosterhoff classification are contradictory.

van Albada & Baker (1973) suggested that in Oosterhoff
type II clusters, RRc evolve to lower temperatures, but that there
is a hysteresis effect so that mode switching occurs at lower
temperatures for stars evolving to lower temperatures than for
stars evolving to higher temperatures. Indeed for NGC 1904,
we find a mean temperature for RR0 stars (excluding V4, V5
and V10) of 6260 ± 39 K, which is lower than the means found
for Oosterhoff type I clusters, e.g. 6418 ± 10 K for NGC 6981
(Bramich et al. 2011), 6633 ± 257 K for NGC 4147 (Arellano
Ferro et al. 2004), 6465 ± 22 K for M 5 (Kaluzny et al. 2000),
6494 ± 35 K for NGC 1851 (Walker 1998), 6619 ± 64 K for
NGC 6171 (Clement & Shelton 1997).

5.2. Metallicity

Although Sandage (2006) found that there is a correlation be-
tween the mean period of the RR0 variables and the cluster
metallicity for Oosterhoff type I clusters, this relation breaks
down when 〈PRR0〉 is larger than ∼0.6, i.e. for Oosterhoff type II
clusters (Clement et al. 2001).
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Table 7. Different metallicity estimates for NGC 1904 in the literature.

Reference [Fe/H]ZW Method
This work –1.63 ± 0.14 Fourier decomposition of RR Lyrae light curves
Kraft & Ivans (2003) –1.68 EW of Fe II spectral lines
Carretta & Gratton (1997) –1.36 ± 0.09 Spectroscopy of red giants
Kravtsov et al. (1997) –1.76 ± 0.20 CMD analysis
Francois (1991) –1.46 ± 0.15 Q39 spectral index
Gratton & Ortolani (1989) –1.42 ± 0.23 Absorption line strength indices
Brodie & Hanes (1986) –1.70 ± 0.23 Absorption line strength indices
Smith (1984) –1.43 ± 0.20 Corrected Q39 index
Nelles & Seggewiss (1984) –1.78 ± 0.25 Calibration of VBLUW indices
Zinn & West (1984) –1.69 ± 0.09 Q39 spectral index
Zinn (1980) –1.76 ± 0.05 Q39 spectral index

Table 8. Modulus and distance estimates for NGC 1904 in the literature.

Reference μ0 [mag] Distance [kpc] Method
This work 15.63 ± 0.06 13.35 ± 0.35 Fourier decomposition of RR0 light curves
This work 15.54 12.87 Fourier decomposition of RR1 light curves
Zoccali & Piotto (2000) 15.52 12.53 Theoretical luminosity function
Ferraro et al. (1999) 15.63 13.37 Magnitude of the horizontal branch
Kravtsov et al. (1997) 15.57a 13.00 CMD analaysis
Harris (1996) − 12.9 Globular cluster catalogue
Zinn (1980) 15.62a 13.29 Q39 spectral index
Rosino (1952) 16.25 17.78 Median magnitude of RR Lyrae

Notes. (a) Assuming the values E(B − V) = 0.01 and RV = 3.1.

On the other hand, we can use the metallicities derived in
Sect. 4.2 to estimate the cluster’s metallicity. Taking an average
of the RR Lyrae metallicities listed in Table 6, and assuming as in
Bramich et al. (2011) that there is no systematic offset between
metallicity estimates for the different types of variables, we find
a mean metallicity of [Fe/H]ZW = −1.63±0.142. This is in good
agreement with values in the literature, listed in Table 7. Note
that V4 was excluded from this calculation as it has Dm > 5,
meaning that its metallicity estimate might be unreliable. The
error bars given here and for all cluster properties are the scatter
around the mean value.

We also transform this metallicity value to the scale of
Carretta et al. (2009), who derived a new metallicity scale based
on GIRAFFE and UVES spectra of red giant branch (RGB) stars
in 19 globular clusters. The transformation from the ZW to the
UVES (Carretta et al. 2009) scale is given as

[Fe/H]UVES = −0.413+0.130 [Fe/H]ZW−0.356 [Fe/H]2
ZW. (15)

Using this we find a metallicity for NGC 1904 of [Fe/H]UVES =
−1.57±0.18, in excellent agreement with the value found for this
cluster by Carretta et al. (2009) of [Fe/H]UVES = −1.58 ± 0.03.

5.3. Distance

Having derived the absolute magnitudes of the RR Lyrae stars
in Sect. 4.4, we can use the A0 parameter, which corresponds
to their mean apparent V magnitude, to derive a distance mod-
ulus to NGC 1904. Note that MV for V5 and V10 is overesti-
mated because these two objects are significantly blended, so
we exclude them from this calculation, as we do with V4 be-
cause of its value of Dm above our selection threshold. The mean
value of the apparent V band magnitudes for the RR0 variables

2 Note that the values in Table 6 are rounded off, which explains why
the mean of those values is not equal to the value we derive for the
cluster metallicity.

is 16.055 ± 0.008 mag, while the mean of the absolute mag-
nitudes is 0.412 ± 0.065 mag. This yields a distance modulus
of μ = 15.643 ± 0.066. Using the parameters for our lone RR1
variable (V14, see Tables 5 and 6), we find μ = 15.570.

Stetson & Harris (1977) used various methods to estimate the
reddening towards this cluster and obtained values of E(B − V)
lower than 0.03 mag. Ferraro et al. (1992) found a reddening for
NGC 1904 of E(B−V) = 0.01± 0.01 mag, while Kravtsov et al.
(1997) estimate the reddening for this cluster to be E(B − V) =
0.035 to 0.05 mag, depending on the metallicity of their best-fit
isochrone.

Adopting a value of E(B−V) = 0.01± 0.01 mag and a value
for RV = 3.1 for our Galaxy, we find a mean true distance moduli
of μ0 = 15.612 ± 0.066 mag and μ0 = 15.539 mag for RR0
and RR1 variables in our samples. This yields mean distances
of 13.26 ± 0.41 kpc and 12.87 kpc. These values are sensitive
to the adopted value of E(B − V), and using the largest value
found in the literature, E(B − V) = 0.05 mag, yields distances
of 12.52 ± 0.38 and 12.11 kpc, both consistent with estimates
from the literature using other methods (Table 8).

We checked that our distance modulus is consistent with the
isochrones of VandenBerg et al. (2006) for the metallicity of
[Fe/H]ZW = −1.63 that we calculated in our analysis; these are
overplotted in Fig. 3 and show that our results are broadly consis-
tent with the theoretical isochrones of that metallicity. Although
isochrone fitting to the CMD could also be used to estimate the
age of NGC 1904, the quality of our CMD does not allow us to
do this in this case, and we can only show that the CMD is con-
sistent with the wide range of ages reported in the literature for
this cluster, from 10 to 18 Gyr (see Table 9).

6. The MV− [Fe/H] relation

Although recent theoretical models of the horizontal branch
(HB; e.g. VandenBerg 2000) predict that the relation be-
tween MV and [Fe/H] is non-linear (e.g. Cassisi et al. 1999),
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Table 9. Age estimates for NGC 1904 in the literature.

Reference Age [Gyr] Method
Koleva et al. (2008) 11.99 ± 0.57 Spectrum fitting
Koleva et al. (2008) 14.02 ± 0.25 Spectrum fitting with hot stars
De Angeli et al. (2005) 10.19 ± 0.08 Age- ZW metallicity fitting
De Angeli et al. (2005) 9.92 ± 0.08 Age- CG metallicity fitting
Santos & Piatti (2004) 13.2 ± 1.1 Age-metallicity fitting
Zoccali & Piotto (2000) 14 RGB luminosity function
Kravtsov et al. (1997) 16 ± 1 CMD isochrone fitting
Kravtsov et al. (1997) 18 ± 1 CMD isochrone fitting
Alcaino et al. (1994) 16 CMD isochrone fitting

it has traditionally been expressed linearly in the literature in
the form MV = α [Fe/H] + β. In this section we compare our
values of these parameters for NGC 1904 with other clusters
for which Fourier decomposition of RR Lyrae was performed.
These are plotted in Fig. 9 and the data are listed in Table 10.
Note that when values in the literature were not given on the
ZW scale, we converted them to the ZW scale to ensure a ho-
mogeneous sample. Similarly, the values of MV for each sam-
ple were all converted to values on the “long” distance scale. In
several cases, this meant adjusting the value of MV by subtract-
ing 0.2 to the quoted value mag to bring it from the scale used by
Kovács (1998) to the scale of Cacciari et al. (2005). There were
some exceptions, notably for NGC 6388 and NGC 6441, as it
is unclear whether the shift suggested by Cacciari et al. (2005)
applies to metal-rich clusters. The scale used in the original pub-
lished value for each cluster is noted in Table 10.

Our best linear fit is MV = (0.16 ± 0.01) [Fe/H]ZW +
(0.85± 0.02), or, using the UVES scale of Carretta et al. (2009),
MV = (0.14 ± 0.01) [Fe/H]UVES + (0.81 ± 0.02). This is in good
agreement with Arellano Ferro et al. (2008b) who found MV =
(0.18 ± 0.03) [Fe/H]ZW + (0.85 ± 0.05). It is also in good agree-
ment with the value found by Fusi Pecci et al. (1996), who
analysed the CMDs of eight globular clusters in M31 to de-
rive the absolute magnitude of the HB at the instability strip,
and found MV = (0.13 ± 0.07) [Fe/H]ZW + (0.95 ± 0.09), al-
though Federici et al. (2012) recently found MV = (0.25 ±
0.02) [Fe/H]ZW + (0.89 ± 0.03) for the M31 clusters, a steeper
slope than our value. We can also compare our values to some of
the many estimates of the slope α and the intercept β in the litera-
ture, e.g. (α, β) = (0.22, 0.89) (Gratton et al. 2003), (0.214, 0.88)
(Clementini et al. 2003), (0.18, 0.90) (Carretta et al. 2000), all in
excellent agreement with our derived value.

The point corresponding RR0 stars in Fig. 9 appears to be an
outlier in the distribution of MV vs. [Fe/H]. Although this could
be the result of poor light curve decomposition, we verified in
Sect. 4 that the number of harmonics we fit has little influence
on the parameters we derive for the RR Lyrae stars, and there-
fore on the cluster parameters, so this is unlikely to be the reason
for the position of that data point in Fig. 9. Since the sample size
is small, and error bars are quite large, we refrain from claim-
ing that NGC 1904 is a clear outlier of the distribution, being
only ∼2σ away from our best linear fit of MV vs. [Fe/H].

7. The distribution of variables in NGC 1904

From the finding chart of variable stars in NGC 1904 in Fig. 2,
we can see that the variables in this cluster are distributed pe-
culiarly, with the variables lying along the Northwest-Southeast
axis, rather than distributed randomly across the cluster as would
be expected. To assess the statistical significance of this, we first

Fig. 9. 〈MV 〉 vs. [Fe/H] for clusters in the literature for which Fourier
decomposition of the RR Lyrae variables was performed. Points ob-
tained by analysing the light curves of RR0 variables are shown as black
filled circles, while points from analysis of RR1 variables are marked
as red filled circles; the data for NGC 1904 are shown as a green cross
(RR0 variables) and a green filled circle (RR1 variables). The best lin-
ear fit is shown as a blue line, with coefficients given in the text. All
points are plotted with 1-σ error bars.

compared the distribution of the RR Lyrae variables we detect
to the distribution of HB stars in the cluster. This is shown in
Fig. 10, and the distribution of HB stars can be considered to be
spherically symmetric, unlike the distribution of variable stars.

To assess the significance of this, we drew 105 random sam-
ples of 10 stars from the HB star population in our data and fitted
a linear function y = ax + b to each of these, minimising the to-
tal square perpendicular distance (TSPD) as a measure of how
aligned the stars in the sample are. The TSPD is calculated as

TSPD =
N∑

i=1

( |axi − yi + b|√
a2 + 1

)2

, (16)

where N = 10 is the number of variables in the sample. We then
compared this to the same statistic for the fit to the RR Lyrae
stars in the cluster, TSPDvar. We find that the probability that a
random draw from the overall distribution is equal to or lower
than TSPDvar is ∼2.8%. The resulting distribution of TSPD is
shown on Fig. 11.

8. Conclusions

Using difference image analysis, we were able to obtain good
photometry for the stars in NGC 1904, even in the crowded
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Table 10. MV and [Fe/H]ZW estimates for other clusters in the literature for which these parameters were calculated through Fourier decomposition
of the light curves of RR Lyrae stars.

NGC # Messier # MV [Fe/H]ZW MV [Fe/H]ZW Reference Distance
(RR0) (RR0) (RR1) (RR1) scale

NGC 1904 M 79 0.41 ± 0.07 −1.60 ± 0.15 0.58 ± 0.01 −1.73 ± 0.06 This work a

NGC 6981 M 72 0.62 ± 0.00 −1.48 ± 0.03 0.57 ± 0.01 −1.66 ± 0.15 Bramich et al. (2011) a

NGC 5024 M 53 0.46 ± 0.05 −1.72 ± 0.06 0.49 ± 0.05 −1.84 ± 0.13 Arellano Ferro et al. (2011) a

NGC 5286 − 0.52 ± 0.04 −1.68 ± 0.15 0.57 ± 0.04 −1.71 ± 0.23 Zorotovic et al. (2010) b

NGC 5053 − 0.49 ± 0.06 −1.76 ± 0.13 0.55 ± 0.05 −1.97 ± 0.18 Arellano Ferro et al. (2010) a

NGC 6266 M 62 0.63 ± 0.03 −1.31 ± 0.11∗ 0.51 ± 0.03 −1.23 ± 0.09 Contreras et al. (2010) b

NGC 5466 − 0.52 ± 0.11 −1.81 ± 0.12 0.53 ± 0.06 −1.92 ± 0.21 Arellano Ferro et al. (2008b) a

NGC 6366 − 0.66 ± 0.04 −0.87 ± 0.14 − − Arellano Ferro et al. (2008a) c

NGC 7089 M 2 0.51 ± 0.10 −1.64 ± 0.11∗ 0.51 ± 0.06 −1.74 ± 0.19∗ Lázaro et al. (2006) b

NGC 7078 M 15 0.47 ± 0.03 −1.92 ± 0.17∗ 0.52 ± 0.03 −2.10 ± 0.11∗ Arellano Ferro et al. (2006) b

NGC 5272 M 3 0.60 ± 0.02 −1.59 ± 0.08∗ 0.57 ± 0.04 − Cacciari et al. (2005) a ,d

NGC 4147 − 0.60 ± 0.06 −1.47 ± 0.22∗ 0.52 ± 0.07 − Arellano Ferro et al. (2004) b

NGC 6388 − 0.66 ± 0.14 −1.40 ± 0.16 0.82 ± 0.06 −0.74 ± 0.23 Pritzl et al. (2002) b 1

NGC 6441 − 0.68 ± 0.03 −1.30 ± 0.13 0.79 ± 0.03 −0.80 ± 0.24 Pritzl et al. (2001) b 1

NGC 6362 − 0.66 ± 0.01 −1.26 ± 0.03∗ − − Olech et al. (2001) b

NGC 6934 − 0.61 ± 0.01 −1.53 ± 0.04 − − Kaluzny et al. (2001) b

NGC 5904 M 5 0.61 ± 0.01 −1.47 ± 0.01∗ − − Kaluzny et al. (2000) b

NGC 6333 M 9 0.48 ± 0.03 −1.85 ± 0.06∗ − − Clement & Shelton (1999a) b

NGC 6809 M 55 0.53 ± 0.09 −1.61 ± 0.20∗ − − Olech et al. (1999) b

Notes. All values of MV were converted to a value consistent with the distance scale of Cacciari et al. (2005) if another scale was used. Distance
scales used in the original publication are: (a) Cacciari et al. (2005); (b) Kovács (1998); (c) Cacciari et al. (2005) but with a shift of 0.18 mag rather
than 0.2 mag compared to Kovács (1998); (d) Cacciari et al. (2005) but with a shift of 0.23 mag rather than 0.2 mag compared to Kovács (1998).
(1) The values of MV for these two clusters were not shifted because of uncertainty as to whether the shift given by Cacciari et al. (2005) applies
to metal-rich clusters. (∗) Those metallicity values were published on the scale of Jurcsik (1995); values listed here are on the ZW scale and were
converted using Eq. (7).

Fig. 10. Plot of the spatial distribution of all HB stars (black filled cir-
cles) and RR Lyrae stars (red filled circles) on our images. North is
up and East to the right. The directions to the Galactic Centre (GC)
and Canis Major dwarf galaxy (CMa) are also shown. The tidal ra-
dius rt ∼ 500′′ (Lanzoni et al. 2007) lies outside our plot.

central region, where other methods struggle to overcome prob-
lems caused by the crowded field. Although the photometry we
have obtained for this cluster is not as accurate as that which
we obtained for other clusters in previous studies (e.g. Arellano
Ferro et al. 2010; Bramich et al. 2011), we discovered a new
RR1 variable and verified that one object is not in fact variable.
Furthermore, the long time baseline of almost 8 years allowed us
to derive precise periods for the RR Lyrae. This in turn has en-
abled us to estimate some of the properties of the cluster through
Fourier decomposition of the RR Lyrae light curves.

Fig. 11. Histogram distribution of the total square perpendicular dis-
tance (TSPD) for a linear fit to 105 random samples of 10 HB stars,
compared to TSPDvar, the TSPD of the fit to the RR Lyrae stars in
NGC 1904 (red vertical dotted line). The cumulative probability dis-
tribution is also plotted as a dashed line; the probability that the value
of TSPD is equal to or lower than TSPDvar is ∼2.8%.

Using this we found a metallicity for NGC 1904 of
[Fe/H]ZW = −1.63 ± 0.14, or, on the scale of Carretta et al.
(2009), [Fe/H]UVES = −1.57±0.18. We also find distance moduli
of μ0 = 15.64±0.07 and μ0 = 15.54 for RR0 and RR1 variables,
translating into distances of 13.26 ± 0.41 kpc (using RR0 vari-
ables) or 12.87 kpc (using the one RR1 variable with a good
period estimate).

Finally, we also used our CMD to check that the metallic-
ity and distance modulus we derived for NGC 1904 is broadly
consistent with the theoretical isochrones of VandenBerg et al.
(2006), and found best-fit isochrones in agreement with the
spread of ages reported in the literature.

A92, page 12 of 13

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220217&pdf_id=10
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220217&pdf_id=11


N. Kains et al.: Constraining the parameters of globular cluster NGC 1904 from its variable star population

Acknowledgements. N.K. acknowledges an ESO Fellowship. The research lead-
ing to these results has received funding from the European Community’s
Seventh Framework Programme (/FP7/2007-2013/) under grant agreement
No. 229517. A.A.F. acknowledged the support of DGAPA-UNAM through
project IN104612. A.A.F. and S.G. are thankful to the CONACyT (México) and
the Department of Science and Technology (India) for financial support under the
Indo-Mexican collaborative project DST/INT/MEXICO/RP001/2008. We thank
the referee for constructive comments.

References
Alcaino, G., Liller, W., Alvarado, F., & Wenderoth, E. 1994, AJ, 107, 230
Alcock, C., Allsman, R., Alves, D. R., et al. 2000, ApJ, 542, 257
Amigo, P., Catelan, M., Stetson, P. B., et al. 2011, in RR Lyrae Stars, Metal-Poor

Stars, and the Galaxy, ed. A. McWilliam, 127
Arellano Ferro, A., Arévalo, M. J., Lázaro, C., et al. 2004, Rev. Mex. Astron.

Astrofis., 40, 209
Arellano Ferro, A., García Lugo, G., & Rosenzweig, P. 2006, Rev. Mex. Astron.

Astrofis., 42, 75
Arellano Ferro, A., Giridhar, S., Rojas López, V., et al. 2008a, Rev. Mex. Astron.

Astrofis., 44, 365
Arellano Ferro, A., Rojas López, V., Giridhar, S., & Bramich, D. M. 2008b,

MNRAS, 384, 1444
Arellano Ferro, A., Giridhar, S., & Bramich, D. M. 2010, MNRAS, 402, 226
Arellano Ferro, A., Figuera Jaimes, R., Giridhar, S., et al. 2011, MNRAS, 416,

2265
Arellano Ferro, A., Bramich, D. M., Figuera Jaimes, R., Giridhar, S., &

Kuppuswamy, K. 2012, MNRAS, 420, 1333
Bailey, S. I. 1902, Annals of Harvard College Observatory, 38, 1
Blažko, S. 1907, Astron. Nachr., 175, 325
Bramich, D. M. 2008, MNRAS, 386, L77
Bramich, D. M., Figuera Jaimes, R., Giridhar, S., & Arellano Ferro, A. 2011,

MNRAS, 413, 1275
Bramich, D. M., Arellano Ferro, A., Figuera Jaimes, R., & Giridhar, S. 2012a,

MNRAS, 424, 2722
Bramich, D. M., Horne, K., Albrow, M. D., et al. 2012b, MNRAS, accepted,

DOI: 10.1093/mnras/sts184
Brodie, J. P., & Hanes, D. A. 1986, ApJ, 300, 258
Cacciari, C., Corwin, T. M., & Carney, B. W. 2005, AJ, 129, 267
Carretta, E., & Gratton, R. G. 1997, A&AS, 121, 95
Carretta, E., Gratton, R. G., Clementini, G., & Fusi Pecci, F. 2000, ApJ, 533, 215
Carretta, E., Bragaglia, A., Gratton, R., D’Orazi, V., & Lucatello, S. 2009, A&A,

508, 695
Cassisi, S., Castellani, V., degl’Innocenti, S., Salaris, M., & Weiss, A. 1999,

A&AS, 134, 103
Castelli, F. 1999, A&A, 346, 564
Clement, C. M., & Shelton, I. 1997, AJ, 113, 1711
Clement, C. M., & Shelton, I. 1999a, AJ, 118, 453
Clement, C. M., & Shelton, I. 1999b, ApJ, 515, L85
Clement, C. M., Muzzin, A., Dufton, Q., et al. 2001, AJ, 122, 2587
Clementini, G., Gratton, R., Bragaglia, A., et al. 2003, AJ, 125, 1309
Contreras, R., Catelan, M., Smith, H. A., et al. 2010, AJ, 140, 1766
De Angeli, F., Piotto, G., Cassisi, S., et al. 2005, AJ, 130, 116
Diemand, J., Kuhlen, M., & Madau, P. 2007, ApJ, 667, 859
Dworetsky, M. M. 1983, MNRAS, 203, 917
Federici, L., Cacciari, C., Bellazzini, M., et al. 2012, A&A, 544, A155
Ferraro, F. R., Clementini, G., Fusi Pecci, F., Sortino, R., & Buonanno, R. 1992,

MNRAS, 256, 391

Ferraro, F. R., Messineo, M., Fusi Pecci, F., et al. 1999, AJ, 118, 1738
Francois, P. 1991, A&A, 247, 56
Freedman, W. L., Madore, B. F., Gibson, B. K., et al. 2001, ApJ, 553, 47
Fusi Pecci, F., Buonanno, R., Cacciari, C., et al. 1996, AJ, 112, 1461
Gratton, R. G., & Ortolani, S. 1989, A&A, 211, 41
Gratton, R. G., Bragaglia, A., Carretta, E., et al. 2003, A&A, 408, 529
Harris, W. E. 1996, AJ, 112, 1487
Jurcsik, J. 1995, Act. Astron., 45, 653
Jurcsik, J. 1998, A&A, 333, 571
Jurcsik, J., & Kovács, G. 1996, A&A, 312, 111
Kaluzny, J., Olech, A., Thompson, I., et al. 2000, A&AS, 143, 215
Kaluzny, J., Olech, A., & Stanek, K. Z. 2001, AJ, 121, 1533
Koleva, M., Prugniel, P., Ocvirk, P., Le Borgne, D., & Soubiran, C. 2008,

MNRAS, 385, 1998
Kovács, G. 1998, Mem. Soc. Astron. It., 69, 49
Kovács, G., & Walker, A. R. 2001, A&A, 371, 579
Kraft, R. P., & Ivans, I. I. 2003, PASP, 115, 143
Kravtsov, V., Ipatov, A., Samus, N., et al. 1997, A&AS, 125, 1
Lafler, J., & Kinman, T. D. 1965, ApJS, 11, 216
Lang, D. 2009, Ph.D. Thesis, University of Toronto, Canada
Lanzoni, B., Sanna, N., Ferraro, F. R., et al. 2007, ApJ, 663, 1040
Lázaro, C., Arellano Ferro, A., Arévalo, M. J., et al. 2006, MNRAS, 372, 69
Lee, J.-W., & Carney, B. W. 1999, AJ, 118, 1373
Lux, H., Read, J. I., Lake, G., & Johnston, K. V. 2012, MNRAS, 424, L16
Martin, N. F., Ibata, R. A., Bellazzini, M., et al. 2004, MNRAS, 348, 12
Mateu, C., Vivas, A. K., Zinn, R., Miller, L. R., & Abad, C. 2009, AJ, 137,

4412
Montegriffo, P., Ferraro, F. R., Origlia, L., & Fusi Pecci, F. 1998, MNRAS, 297,

872
Morgan, S. M., Wahl, J. N., & Wieckhorst, R. M. 2007, MNRAS, 374, 1421
Nelles, B., & Seggewiss, W. 1984, A&A, 139, 79
Olech, A., Kaluzny, J., Thompson, I. B., et al. 1999, AJ, 118, 442
Olech, A., Kaluzny, J., Thompson, I. B., et al. 2001, MNRAS, 321, 421
Piotto, G., King, I. R., Djorgovski, S. G., et al. 2002, A&A, 391, 945
Pritzl, B. J., Smith, H. A., Catelan, M., & Sweigart, A. V. 2001, AJ, 122, 2600
Pritzl, B. J., Smith, H. A., Catelan, M., & Sweigart, A. V. 2002, AJ, 124, 949
Rosino, L. 1952, Mem. Soc. Astron. It., 23, 101
Samus, N. N., Kazarovets, E. V., Pastukhova, E. N., Tsvetkova, T. M., &

Durlevich, O. V. 2009, PASP, 121, 1378
Sandage, A. 1993, AJ, 106, 687
Sandage, A. 2006, AJ, 131, 1750
Santos, Jr., J. F. C., & Piatti, A. E. 2004, A&A, 428, 79
Sawyer Hogg, H. 1973, Publications of the David Dunlap Observatory, 3, 6
Sekiguchi, M., & Fukugita, M. 2000, AJ, 120, 1072
Simon, N. R., & Clement, C. M. 1993, ApJ, 410, 526
Smith, H. A. 1984, ApJ, 281, 148
Stellingwerf, R. F. 1978, ApJ, 224, 953
Stetson, P. B. 2000, PASP, 112, 925
Stetson, P. B., & Harris, W. E. 1977, AJ, 82, 954
van Albada, T. S., & Baker, N. 1973, ApJ, 185, 477
VandenBerg, D. A. 2000, ApJS, 129, 315
VandenBerg, D. A., Bergbusch, P. A., & Dowler, P. D. 2006, ApJS, 162, 375
Walker, A. R. 1998, AJ, 116, 220
Zinn, R. 1980, ApJS, 42, 19
Zinn, R., & West, M. J. 1984, ApJS, 55, 45
Zoccali, M., & Piotto, G. 2000, A&A, 358, 943
Zorotovic, M., Catelan, M., Smith, H. A., et al. 2010, AJ, 139, 357

A92, page 13 of 13


	Introduction
	Observations and reductions
	Observations
	Difference image analysis
	Photometric calibrations
	Astrometry

	Variables in NGC 1904
	Stars that do not show variablity
	Variable candidates without light curves
	Detection of known variables
	Detection of new variables

	Variable properties
	Fourier decomposition
	Metallicity
	Effective temperature
	Absolute magnitude

	Cluster properties
	Oosterhoff type
	Metallicity
	Distance

	The MV - [Fe/H] relation
	The distribution of variables in NGC 1904
	Conclusions
	References

